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METHODS FOR CONSTRUCTION AND SCREENING 
OF LIBRARIES OF CHEMOKINE VARIANTS 

TECHNICAL FIELD 

5 The present invention relates to a method for obtaining 

chemokine variants having an improved biological property by designing 
and screening a phage library using a living cell system of a phage library, 
to the variants obtained thereof and to the use of said variants in 
pharmaceutical compositions and/or in pharmaceutical treatments. 

10 

BACKGROUND 

Infection of target cells by HIV-1 is initially dependent on the 
interaction of its envelope glycoproteins with CD4 and a seven 
transmembrane-spanning G protein coupled receptor (GPCR). Among the 

15 several identified GPCR coreceptors, the chemokine receptors CCR5 and 
CXCR4 are by far the most commonly used by HIV-1. As a consequence, 
these receptors have been identified as important new targets for anti-HIV 
treatment (1). Infection by HIV strains is inhibited by the natural ligands of 
the coreceptors they use. Among these are MIP-1a (CCL3), MIP-ip (CCL4) 

20 and RANTES (CCL5) for CCR5 (2), CCR1 and CCR3, and SDF-1 
(CXCL12) for CXCR4 (3). These ligands are chemokines, a group of small 
(8-12 kDa), structurally similar proteins with important roles in development 
and inflammation (4). 

Chemokines have the ability to recruit and activate a wide variety 
25 of proinflammatory cell types, and RANTES has been shown to elicit an 
inflammatory response in vivo. RANTES, along with the natural ligands for 
the CCR5, CCR1 and CCR3 chemokine receptor, MIP-1 .alpha., MIP- 
1 .beta., were found to inhibit human immune deficiency virus type-1 ("HIV- 
1") infection (2), leading to the identification of CCR5 as the major co- 
30 receptor for primary isolates of HIV-1, HIV-2 and SIV-1 (11). However, 
although RANTES consistently inhibits HIV-1 replication in peripheral blood 
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mononuclear cells, it does not block infection of primary macrophage 
cultures, which suggests that RANTES would not influence HIV replication 
in non-lymphocyte cell types. 

Structurally, chemokines consist of a tightly folded core from 
which extends a flexible region comprising approximately ten amino 
terminal residues. The last few C-terminal residues themselves are mobile 
and exposed to the solution (5). The description of a C-terminally anchored 
chemokine (6), as well as C-terminally conjugated chemokines (7), 
suggests that relatively large entities can be accommodated at the C- 
terminal of chemokines without compromising biological activity. According 
to the current model for interaction between chemokines and their receptors 
(8), the flexible amino terminal region is necessary for receptor activation, 
whereas the tigthly-folded core contains structures necessary for receptor 
recognition. This "two-site" model for interaction is supported by the 
description of chemokine variants with altered signaling activity that were 
obtained by modification at the amino terminus (9-1 1 ). 

The structure of the protein known as RANTES (an acronym for 
Regulation upon Activation, Normal T-Expressed and presumably 
Secreted) is described NCBi's structure database with MMDB id 4973 and 

PDBid 1PMI (http://www.ncbi.nlm.nih.gov/Structure/mmdb/ 

mmdbsrv.cgi?form=6&db=t&Dopt=s&uid=4973). 

These above-mentioned amino-terminally modified chemokines 
include aminooxypentane(AOP)-RANTES, an extremely potent inhibitor of 
monocytotropic CCR5-dependent (R5-tropic) strains of HIV-1 (11). The 
strongly enhanced anti-HIV activity of AOP-RANTES is due to its ability to 
bring about profound and sustained downmodulation of cell surface CCR5 
(12) in a process that probably involves the induction of receptor 
endocytosis (13). It has recently been shown that several other amino 
terminally modified chemokine analogues with enhanced anti-HIV activity 
appear to act via similar mechanisms (14, 15). 
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More generally, the pivotal role of chemokines in inflammatory 
disease is now well established (45), and the chemokine/chemokine 
receptor network has been validated as a target for therapeutic intervention 
(46). Agents that either antagonize the activity of appropriate chemokines 
or achieve blockade of their receptors could be used to treat inflammatory 
diseases. Specific examples of clinical conditions in which either RANTES 
or CCR5, CCR1 and/or CCR3 have been identified as key pathogenic 
factors (and hence where antagonists or inhibitors would be of clinical use) 
include asthma, organ transplant rejection, immune complex 
glomerulonephritis multiple sclerosis, rheumatoid arthritis, allergic rhinitis, 
atopic dermatitis, viral diseases and atheroma/atheroschleosis. 

In addition, a link between the chemokine/chemokine receptor 
network and cancer has recently been established (47) indicating roles for 
both RANTES (48) and CCR5 (49) in the development and maintenance of 
tumors. Hence agents that either antagonize the activity of appropriate 
chemokines or achieve blockade of their receptors could be used to treat 
cancer. 

With this in mind, the inventors reasoned that the amino terminus 
of RANTES would be a promising region in which to introduce diversity as 
part of a search for RANTES mutants with further improved activity. 

Phage display is a known technology which presents a means by 
which diversity in a protein structure can be coupled to rapid selection of a 
desired phenotype. Conventional phage display involves the panning of a 
library of encoded and displayed ligands against a purified target which is 
attached to the solid phase, usually with the displayed ligands expressed as 
fusion proteins, N-terminal to the gene-three protein of the phage (16). This 
technique has been widely applied for over a decade, allowing the isolation 
of ligands with high affinity and specificity for many different targets (17). 

Conventional phage display techniques are not easily applied for 
the selection of ligands of integral membrane proteins like GPCRs. As a 
consequence, new phage display strategies have been adopted to allow 
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the selection of ligands that bind to targets presented on the cell surface 
(18). In addition, if living cells are used for the presentation of selection 
targets it is possible to select for phage particles internalized by receptor- 
mediated endocytosis (19) and thus selecting those acting via a 
downmodulation of the receptor, in addition, the use of living cells allows 
the selection of phages not internalized by receptor-mediated endocytosis 
but having a selective affinity for GPCRs and acting as agonists or 
antagonists thereof. 

A novel approach for the directed evolution of chemokines, 
based on the use of phage display together with living cells, would therefore 
appear as a powerful improvement. 

SUMMARY OF THE INVENTION 

The current knowledge of the mechanism of action of anti-HIV 
chemokines is applied to the design of a phage display strategy in order to 
isolate chemokine variants with improved anti-viral activity and more 
specifically RANTES variants. The original strategy applied herein involved 
(I) the introduction of diversity into the flexible N-terminal region, and (II) 
selection for phage displayed RANTES variants that are either internalized 
by cells expressing CCR5 or externally specifically bound to these cells. 
This approach led to the isolation of a small group of selected variants. Two 
of such variants proteins were synthesized chemically for further evaluation. 
Both show an enhanced anti-HIV-1 activity compared to RANTES. 

One object of the present invention is to provide a method for the 
design and/or the selection of chemokines variants having agonist or 
antagonist property towards a ligand of animal cells GPCRs comprising the 
following steps: 

A) obtaining a phage displayed library expressing on their 
surface said chemokine variants mutated within the domain 
responsible for their effector function, 
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B) having a culture of animal cells expressing on their 
membranes the receptor of said protein G, 

C) incubating the cell culture with the phage library obtained in 

A), 

D) harvesting the cells after removal of non specifically bond and 
surface receptor bound phages, 

E) releasing the phages internalized in step C) by lysis of cells 
obtained in D), 

F) infecting an E. coli culture with the released phages obtained 
in E) and amplifying the clones previously internalized, 

G) obtaining a phage library enriched in internalizing chemokine 
ligands, 

H) assaying the agonist or antagonist property of the chemokine 
variants versus the native one. 

In the present invention, the terms "variant", "mutant", ' 
derivatives" should be considered as equivalent terms as far as the 
function thereof includes a specific binding with the receptor of the native 
form of the parent chemokine. 

Another object of the present invention is to provide a method for 
the design and/or the selection of chemokine variants having agonist or 
antagonist property towards a ligand of a GPCR of animal cells comprising 
the following steps: 

A) obtaining a phage displayed library expressing on their 
surface said chemokine variants mutated within the domain 
responsible for their effector function, 

B) having a culture of animal cells expressing on their 
membranes the GPCR, 

C) Incubating the cell culture with the phage library obtained in 
A), 
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D) Eliminating the non specifically bound phages from the cells, 
by a process keeping the specifically bound phages on the 
said receptor, 

E) Incubating the cells obtained in D) with an E. coli culture and 
amplifying the clones being infected by the phages bound to 
the said receptor on animal cells, 

F) Obtaining a phage library enriched in externally bound 
phages, 

G) Assaying the agonist or antagonist property of the chemokine 
variants versus the native chemokine. 

An example of the chemokine variants encompassed in the. 
methods of the invention are RANTES variants, and the GPCR expressed 
within the animal cells membrane is CCR5. The animal cells used in the 
methods of the invention are preferably human cells. 

In the methods of the invention, the phage library of RANTES 
variants is obtained using a method comprising the following steps: 

- Obtaining a DNA sequence coding for human RANTES 
resulting from the amplification of cDNA prepared from activated PBMCs 
(Peripheral Blood Monocytes Cells), 

- Performing a PCR mutagenesis of the 5' portion of the DNA 
sequence of RANTES using a specific downstream primer and a 
degenerated upstream primer containing recognition sites for restriction 
enzymes in order to insert the PCR amplification products into the phage 
display vector, 

- Production of the phage library by introducing the said vector 
containing the purified PCR products into an E. coli culture. 

The skilled person can use all the available amplification 
methods and/or vectors as equivalent methods for obtaining the phage 
display libraries. In one embodiment, the phage vector can be a phagemid 
like pHEN-i(26). 



■ 
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The functional properties of the selected chemokine variants are 
then assayed by all the methods, including in vitro, ex vivo and in vivo 
methods available to the skilled person. With regards to the function of anti- 
virus infection, these methods include the measure of the inhibition of 
5 replication of HIV virus in isolated pBMCs, the measure of the effect of 
these variants on the inhibition of fusion between cells bearing the cell 
receptor(s) for a virus and cells bearing on their surface an envelope 
protein of the same virus, and/or the measure of blood monocyte-derived 
macrophages by a virus, and/or competition binding studies between the 
10 selected variant and the native chemokine. 

With regards to calcium signaling the cytosolic calcium 
concentration can be measured. 

Once the recombinant phages having the expected functional 
properties obtained, these properties could be improved by constructing a 
15 second, and if necessary a third generation of a phage displayed library by 
a method comprising a step of selection of variants and a step of 
recombination between the selected variants. These two steps can be 
repeated as often as necessary. 

The selected variants can also been improved by all methods of 
20 DNA shuffling available in the Art. 

The invention also provide RANTES variants obtainable by the 
methods of the invention and having the general formula *S&#SSQ&&&- 
RANTES(1 0-68), in which: 

- * is L or an aromatic residue, 
15 - #»sL, MorV, 

- &isS, P.TorA. 

Herein, RANTES (10-68) means amino-acids 10 to 68 of the 
RANTES chemokine described in the NCBi's database quoted above. 

RANTES variants of the above general formula might have 
0 antagonist properties towards the chemokine receptor CCR1 and/or CCR3 
and/or CCR5. 
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The RANTES variants of the invention might also have 
antagonist properties towards RANTES, MIP-1 a and MIP-1 p. 

In a preferred embodiment, the RANTES variants have a N- 
terminal amino-acid sequence selected among the following sequences: 

LSPVSSQSSA (P0, FSPLSSQSSA (P 2 ), LSPMSSQSPA, 
WSPLSSQSPA, WSPLSSQSSP, LSPQSSLSSS, ASSGSSQSTS, 
ISAGSSQSTS, RSPMSSQSSP, YSPSSSLAPA, MSPLSSQASA, 
ASPMSSQSSS, QSPLSSQAST, QSPLSSTASS, LSPLSSQSAA, 
GSSSSSQTPA, YSPLSSQSSP, FSSVSSQSSS, 

or, among the following sequences: 

VSTLSSPAST, ASSFSSRAPP, QSSASSSSSA, 

QSPGSSWSAA, QSPPSSWSSS, QSPLSSFTSS, ASPQSSLPAA, 
LSPVSSQSSA, LSPQSSLSSS. 

Wherein P-, and P 2 were assayed for their agonist/antagonist 
properties of CCR5 receptor. 

Both RANTES P^ and P 2 variants have greatly enhanced anti- 
HIV activity relative to- the wild-type protein. A number of chemokine 
analogues with enhanced anti-HIV activity feature hydrophobic N-terminal 
extensions (11, 14, 33, 34). In the construction of the library of RANTES 
mutants, the inventors opted to include an extra N-terminal residue, which 
would correspond to the methionine in Met-RANTES and Met-SDF-1 (10, 
14), leucine in L-RANTES (34), and to the pentane chain of AOP-RANTES 
(11). Biopanning of the library led to selection of clones incorporating 
hydrophobic amino acids at this position. Predominant among these was 
leucine, although it is interesting to note that aromatic residues were also 
strongly favoured. 

The remarkable conservation of proline at position two of 
chemokines has been documented (35). In the case of RANTES, there are 
conflicting reports as to the requirement of proline 2 for activity, both as a 
CCR5 agonist and as an HIV inhibitor. On the one hand, removing the first 
two residues of RANTES with dipeptidyl peptidase was reported to enhance 
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its anti-viral activity (36). On the other hand, alanine scanning mutagenesis 
of RANTES indicated that this residue is crucial for binding to CCR5 (37). 
Since the vast majority of clones selected by biopanning on CCR5- 
expressing cells incorporate proline at position two, the experimental results 
obtained in the hereinafter examples suggest that this residue plays an 
important role in the interaction between RANTES and CCR5. 

The same alanine scanning mutagenesis study (37) also 
revealed that tyrosine 3 makes an important contribution towards functional 
interaction between RANTES and CCR5. Surprisingly, both tyrosine and 
alanine are absent at position 3 among the clones isolated by biopanning 
on CCR5-expressing cells by the methods of the present invention, instead, 
there is a strong selection for the hydrophobic residues leucine, methionine 
and valine. 

The method of the inventors leads also to the selection of 
variants having almost exclusively glutamine at position six after biopanning 
on CCR5-expressing cells. The corresponding wild-type residue, aspartate, 
has been shown to be important for signal transduction via CCR5 (37). The 
postulated salt bridge between this aspartate residue and lysine 45 on the 
partner chain of the RANTES dimer (5) may be of significance, since it 
would not be formed with either glutamine at position six, and this would not 
be formed with either glutamine at position six, and this would presumably 
destabilize the dimer. If dimer destabilization was driving selection at 
position six, however, one would imagine equivalent selection pressure for 
any non-acidic residue. Therefore, glutamine 6 may well play an important 
role in the interaction between RANTES derivatives and CCR5. 

In a more preferred embodiment, they have the formula 
FSPLSSQSSA-RANTES(10-68) (P2), or LSPVSSQSSA-RANTES (10-68) 
(P1). 

In another preferred embodiment, clones selected by binding to 
CHO-CCR5, without internalization, have their N-terminal amino-acid 
sequence selected among the following sequences: 
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VSTLSSPAST, ASSFSSRAPP, QSSASSSSSA, 

QSPGSSWSAA, OSPPSSWSSS, QSPLSSFTSS, LSPQSSLSSS, 
ASPQSSLPAA, LSPVSSQSSA. 

It should be noted that other variants derived from the above 
variants by the above methods such as DNA shuffling (41) or selection from 
a second or third generation phage display library are also encompassed 
by the present invention. 

Hence, it has been shown by the inventors that the activity of 
one of the mutants, P 2 , compares favourably with that of the prototypic 
potent anti-HIV chemokine, AOP-RANTES. P 2 therefore represents a 
promising lead compound from which further optimized inhibitors might be 
developed. To this end, a construction of second generation libraries has 
been undertaken. For example, the residues found at positions 0, 2 and 6 
of the selected consensus sequence has been fixed for introducing diversity 
into flanking positions. This kind of approach is analogous to the "affinity 
maturation" strategies used to improve the activity of ligands isolated by 
phage display (38). 

A complementary strategy would be to use total chemical 
synthesis to systematically dissect the active N-terminal region (residues 0 
to 9) of P 2 . Total chemical synthesis renders possible the incorporation of 
non-natural, non-coded structures into a protein, and thus exploration of 
sequence space beyond the boundaries imposed by the 20 natural amino 
acids. This approach has been already applied successfully to the 
improvement of AOP-RANTES (33). 

Besides that, it is well known in the art that certain amino acids 
can be replaced with others without any substantial changes in the property 
of such polypeptides. Such replacements are designated as conservative, 
substitutions, and are in the scope of the chemokine variants of the 
invention. 

It should also be noted that deletions or insertions of amino acids 
can often be made which do not substantially change the properties of a 
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polypeptide or even lead to improvements of these properties. The present 
invention includes such deletions or insertions (which may be, for example 
up to 10, 20 or 50% of the length of the specific antagonists sequence 
given above). 

The present invention also includes within its scope fusion 
proteins in which the polypeptides of the present invention are fused to 
another moiety. This may be done, for example, for the purpose of labeling 
or for a medicinal purpose. In this case said moiety could be 
advantageously a polypeptide having a complementary pharmacological 
property leading to an improved pharmaceutical effect. Such as an 
example, an hybrid mutant might include a peptide moiety which binds 
CCR5 and a peptide moiety which binds CXCR4 receptor, for the reasons 
explained hereafter within the discussion section. 

The polypeptides of the present invention can be produced by 
expression from prokaryotic or eukaryotic host cells, utilizing an appropriate 
DNA coding sequence. Appropriate techniques are disclosed in Sambrook 
et al., (2001) Molecular Cloning: A Laboratory Manual, Cold Spring Harbor, 
Laboratory Press, USA. Alternatively, they may be produced by covalently 
modifying RANTES or by total chemical synthesis. 

In addition to the polypeptides discussed above, the present 
invention also covers DNA sequences coding such polypeptides (which 
may be in isolated or recombinant form), vectors incorporating such 
sequences and host cells incorporating such vectors which are capable of 
expressing the variants of the present invention. 

The invention also provides pharmaceutical compositions 
comprising a selected RANTES variant or a pharmaceutical salt thereof, in 
a mixture with one or more pharmaceutically acceptable excipient. 

The pharmaceutical compositions of the invention also 
encompass compositions comprising the DNA sequences coding such 
RANTES variants or vector incorporating said DNA sequences for use in 
gene therapy methods or the formulations of DNA vaccines. 
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Another aspect of the invention is a method for inhibiting or 
preventing HIV infection in humans comprising a step of treatment with an 
above captioned composition containing either a RANTES variant or a DNA 
sequence coding thereof of the invention. 

The method might comprise the administration of the said 
pharmaceutical composition to humans alone or in combination with other 
treatments for the prevention and/or the therapy of AIDS. 

Another aspect of the invention is a method for preventing and/or 
curing inflammatory or malignant diseases in humans comprising a step of 
treatment with a composition of a RANTES variant such a described above. 

Another aspect of the invention is a method for treating tumors 
and cancer wherein RANTES and CCR5 contribute to their development. 
This method comprises the administration . of the said pharmaceutical 
composition as an antagonist of RANTES and/or CCR5 as a treatment to 
such forms of cancer or tumors. 

DISCUSSION 

Two mechanisms have been put forward to explain how potent 
RANTES variants inhibit HIV entry: (i), steric blockade of the interaction 
between HIV envelope and cell surface coreceptors (11), and (ii), reduction 
of cell surface coreceptor concentration via the induction of receptor 
downmodulation (12, 29). We investigated which of these mechanisms is 
responsible for the increased anti-viral activity of mutants P 1 and P 2 by 
measuring receptor affinity and steady-state surface receptor concentration 
after exposure to ligand. The hereinafter example suggests that both 
mechanisms contribute to he enhanced activity of mutant P 2 . On the other 
hand, the improvement of mutant over the wild-type protein would seem 
to be solely due to an increase in affinity for CCR5. One could postulate 
that the Pi -phage clone was selected purely on the basis of its increased 
receptor affinity: while the expressed ligand does not induce a significant 
level of CCR5 endocytosis, its high affinity ensures that the phages particle 
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remains cell-associated even in the stringent acid wash conditions (10 min 

at pH 3). 

The capacity of a GPCR ligand to induce downmodulation of its 
cognate receptor is generally believed to be linked to agonist activity (39). 
5 We find that mutant P 2 , which exhibits an increased capacity to induce 
receptor downmodulation compared to RANTES, also elicits a stronger 
signal via CCR5. Variant whose capacity to induce receptor 
downmodulation is indistinguishable from that of RANTES under the 
experimental conditions we used, is an agonist of comparable strength on 
10 HEK-CCR5 cells. Interestingly, our observation that variant has 
reproducibiy lower signaling activity than RANTES on CHO-CCR5 cells 
suggests that cell background may play a role in the ability of a chemokine 
analogue to signal via its cognate receptor, and at the same time offers 
some hope of developing an entry inhibitor with little or no agonist activity. 
15 A theoretical obstacle to the use of CCR5 inhibitors is the rapid 

rate of evolution of HIV-1 that might lead, under treatment, to the in vivo 
selection of viral strains using co-receptors other than CCR5 (40). Should 
this prove to be the case, biopanning might be used to help provide a 
solution. The method that was successfully applied to RANTES and CCR5 
»0 could be applied to the selection of inhibitors endowed with different 
receptor specificities. For instance, it might be possible to confer anti- 
CXCR4 activity on RANTES while retaining its original anti-CCR5 activity. 
To reach such a goal one might envisage using a RANTES-based library 
selected alternately on cells expressing CCR5 and CXCR4. Another 
5 possibility might rely on the construction of libraries of hybrid mutants 
through a DNA shuffling approach (41). Taking advantage of the important 
degree of homology in this gene family, a mixed pool of several sequences 
could be used for library construction. 

The elaboration of chemokine variants is a strategy that is 
0 already used by viruses themselves in order to subvert or exploit the 
immune system (42). Our results indicate the potential of a corresponding 
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counter-strategy: the directed evolution of chemokines into specific 
antivirals. Such chemokine variants could be produced with relatively low 
cost and ease using readily accessible recombinant techniques. In addition, 
they would be amenable for gene delivery approaches in vivo either as part 
of the formulation of DNA vaccines (43) or as stably expressed transgenes 
(44). 

Finally, the potential applications of this approach for the 
selection of new GPCR ligands extends well beyond the field of AIDS. 
Indeed, GPCRs represent the largest group of validated drug targets in 
biomedical research, and since work carried out so far indicates a 
considerable degree of conservation of the cellular machinery required for 
downmodulation across this family of receptors (39), it is tempting to 
imagine that the "biopanning" technique could be used to isolate other, 
different, clinically important inhibitors or antagonists. 

The drawing and examples hereafter illustrate different aspects 
of the invention without any limitation. 

BRIEF DESCRIPTION OF THE DRAWING 

Figure 1 : strategy of the method of the invention 
1a: cloning strategy. 

Gene III with is covalently linked to RANTES DNA mutants 
allowing the expression of RANTES variants on the surface of the phage. 

1b: Directed Evolution of RANTES towards an improved anti-HIV 

activity. 

1c: Phage-chemokine and cell-based selection. 
Figure 2 : Biopanning strategy. 

Figure 3: Intracellular Localization of Internalized Phages. Entry 
into cells is dependent on cellular expression of CCR5 and phage 
expression of the RANTES mutant P 2 . After incubation with either Pz-phage 
or control phage (as indicated above) CHO-CCR5 and CHO cells (as 
indicated below), were washed extensively, fixed, permeabilized and 
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stained using an anti-phage coat protein antibody before analysis by 
confocal microscopy. The edges of each cell are indicated by dashed lines. 

Figure 4 : Anti-HIV activity of RANTES variants. A. R5-tropic 
envelope-dependent cell fusion assay. Pi and P2 prevent R5-envelope- 
5 mediated cell fusion more efficiently than RANTES. Error bars indicate 
minima and maxima. P2 is more effective than AOP-RANTES (IC50 values 
of 0.6 nM (0.4-0.9) and 3 nM (2-6), respectivly; 95% confidence intervals in 
brackets. B. Infection of macrophages by HIV-1 particles pseudotyped with 
the BaL envelope. Whereas RANTES does not achieve 50% inhibition in 

10 the concentration range used, Pi and P 2 achieve 50% inhibition between 
10" 8 - 10" 7 M and 10" 9 - 10" 8 M, respectively. The corresponding value for 
AOP-RANTES is approximately 10" 8 M. Error bars indicate s.e.m. C. 
Replication of the field isolate, BX08, in activated PBMCs. While Pi is 
active at concentrations above 10" 8 M, both AOP-RANTES and P 2 strongly 

15 inhibit replication at concentrations above 10" 9 M. Error bars indicate 95% 
confidence interval. 

Figure 5 : CCR5 internalization induced by RANTES and 
RANTES variants. P 2 and AOP-RANTES induce dose-dependent receptor 
downmodulation. Steady-state levels of surface CCR5 were measured by 

20 flow cytometry after incubation with chemokines. Levels are expressed as 
percentage of control (medium, no chemokine). These data are 
representative of three independent experiments performed under identical 
conditions. 

Figure 6: Signaling activity of RANTES variants via RANTES 
25 receptors. The signaling activities of RANTES (top), P1 (middle) and P2 
(bottom) via CCR1, CCR3 and CCR5 (as indicated) were measured in 
stably transfected HEK cells that had been loaded with Fura-2. Cytosolic. 
calcium-dependent fluorescence changes in response to chemokines 
(100 nM) were measured. The traces are representative of at least three 
30 independent experiments performed under identical conditions. 
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Figure 7 : Affinity of RANTES variants for CCR5. Competition 
binding assay on CHO-CCR5 cells using [ 125 l] MIP-1a as tracer. The 
selected mutants and P 2 have significantly higher affinity than RANTES 
(IC 5 o values of 0.3 nM, 0.2 nM and 1.7 nM respectively). 

Figure 8 : Infection of Blood Monocytes-derived Macrophages by 
Primary HIV-1 Strain BaL (R5) in the presence of Wild Type or Modified 
RANTES. 

METHODS 

Reagents 

RANTES and the mutants Pi and P 2 were prepared by total 
chemical synthesis. Briefly, peptides corresponding to RANTES(1-33) and 
RANTES(34-68) were produced by solid phase peptide synthesis using a 
modified Applied Biosystems 430A peptide synthesizer and the protocols of 
Hackeng et al (20). To produce full-length chemokines, the Native Chemical 
Ligation approach was used (21). Formation of disulphide bridges was 
performed as described in (22). The AOP-RANTES used in this study was 
from the batch described in reference (11). The 1D2 anti-RANTES antibody 
was obtained from Pharmingen (San Diego, CA, USA). The anti-M13 
antibody was obtained from Amersham Pharmacia Biotech was FITC- 
labelled in the laboratory according to standard procedures. 
Cells 

CHO-K1 parental cells were provided by BioWhittaker, CHO- 
CCR5 were kindly provided by T. Schwartz (Panum Institute, Copenhagen). 
HEK-CCR5 (23) and HEK-CX3CR1 cells (24) were a kind gift from C. 
Combadiere (Hopital Pitie-Salpetriere, Paris). HEK293T and CHO-K1 cells 
were cultured in RPMI 1640 supplemented with 10% heat-inactivated FCS 
(Life Technologies), 0.3 mg/ml L-glutamine, 100U/ml penicillin and 100 
pg/ml streptomycin (penicillin/streptomycin). Transfected cells were 
maintained in medium containing 1 mg/ml G418 (Life Technologies). Both 
cell lines used for the cell fusion assay, HeLa-P5L (11) and HeLa-Env-ADA 
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(25), were kindly provided by M. Alizon (Institut Cochin, Paris). HeLa-P5L 
were maintained in DMEM supplemented with 10% heat inactivated FCS, 
penicillin/streptomycin and 500 ug/ml Zeocin (Invitrogen). Hela-Env-ADA 
cells were maintained in the same medium containing 5 uM methotrexate 
instead of Zeocin. 

Human peripheral blood mononuclear cells (PBMCs), isolated on 
Ficoll gradients (Phamacia Biotech) from the buffy coats of healthy donors 
seronegative for HIV, were cultured for 72 h in RPM1 1640 medium 
supplemented as described above. PBMC were stimulated with 1 ug/ml 
phytohaemaglutinin (Murex Diagnostics, U.K.), for 72 hours. The cells were 
then cultured in the presence of 500 U/ml IL-2 (Chiron) for 24 hours prior to 
viral challenge. Monocyte-derived macrophages (MDM) were derived from 
freshly isolated PBMC. After one hour culture in supplemented RPMI 1640, 
adherent cells were culture ovemightin medium supplemented with 10% 
human AB serum (ABS). Adherent cells were then detached by incubating 
at 4°C and by gentle scraping with a rubber policeman. Monocytes were 
cultured for 7 days in Teflon bags in medium supplemented with 15 % ABS. 
MDM were then harvested and washed extensively. At the end of the 
procedure, cells were > 98% macrophages as assessed by morphology 
and by flow cytometry (CD14+, CD16+). 
Library construction 

The DNA sequence encoding tag HA 1.1 (YPYDVPDYA) was 
cloned into the phagemid pHEN1 (26), kindly provided by G. Winter, 
between restriction sites Nco\ and A/ofl. The DNA sequence coding for 
human RANTES, amplified from cDNA prepared from activated human 
PBMCs, was used as the scaffold for library construction. PCR 
mutagenesis of the 5' portion of the gene was performed using a specific 
downstream primer 5'-TGG GGC CCC TCT AGA CAT CTC CAA AGA GTT 
GAT GTA CTC (the recognition sites for PspOMI and Xba\ - in that order - 
are underlined) and a degenerate uptream primer 5'-CTC GCG GCC CAG 
CCG GCC ATG GCC NNK TCC NCA NNK TCC TCG NNK NCC NCA NCC 
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TGC TGC TTT GCC TAC ATT GCGCGGCCGCTG CCC CGT GCC CAC 
ATC (underlined: recognition sites for Nco\ and AfofI). The purified PCR 
product was cut with Nco\ and PspOMI and inserted into pHEN1, previously 
linearized using Nco\ and Notl. The ligated DNA was electroporated into 
Escherichia coli TG1. Cells were grown for 1 hour in SOC medium at 37°C, 
and then plated on LB-agar dishes containing 100 ug/ml ampiciliin and 1% 
(w/v) glucose. Certain colonies were screened by PCR before selection and 
their DNA insert was sequenced using an automatic sequencer ABI 377 
(Perkin Elmer, USA). In this way the complexity of the expressed library 
was determined to be at least 5 x 10 6 , thus exceeding its theoretical 
diversity (2 x 10 6 : the number of possible combinations of amino acids). 
Phage stocks were prepared essentially as in (26). 
Biopanning 

Phage stocks used for selection or staining were supplemented 
15 with 1.5% (w/v) BSA prior to their use. 10 10 cfu of phage were directly 
incubated with 5 X 10 6 adherent cells growing in 6-well plates (Nunc, 
Denmark) at 37°C, 10% C0 2 , in 5 ml of supplemented RPMI 1640 medium. 
After 1 hour, cells were washed 10 times at room temperature with 10 ml of 
PBS and then scraped from the plate into 10 ml of PBS 1% (w/v) BSA. 
20 Cells were pelleted at (1 600 rpm; 1 0 min; 4°C), then resuspended in 1 ml of 
elution buffer (0.1M glycine-HCI, pH 3) and kept on ice for 10 min. The cell 
suspension was then neutralized with 1 M ris-CI (pH8) and pelleted Cells 
were then resuspended in Tris (30 mM, pH 8), EDTA (1 mM) and were 
lysed by 3 cycles of freezing (-80°C) and thawing (37°C). The total cell 
25 lysate was prewarmed to 37°C and mixed with log-phase E. coli TG1 . After 
1 hour incubation at 37°C the mixture was plated on LB-agar containing 
100 ug/ml ampiciliin and incubated overnight at 37°C. After picking isolated 
colonies for sequencing with primers LMB3 and pHEN-SEQ (42), the 
remainder were scraped from the plates for the production and purification 
of phages (as described above) for use in further rounds of biopanning. 
Fluorescence detection of phage associated with target cells 
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CHO cells (10 3 -10 4 ) were seeded onto glass slides. 12 hours 
later, cells were incubated with monoclonal preparations of phage (10 11 
t.u./ml), which had previously been blocked with 1.5% (w/v) BSA at 37°C for 
1 hour. Cells were then washed 10 times at room temperature with PBS 
and incubated 10 min in ice-cold 0.1 M glycine-HCI (pH 2.8). After 
neutralization with 1 M Tris-HCI (pH 8), cells were washed again once with 
PBS, fixed for 10 min at room temperature in 4% paraformaldehyde, and 
permeablized using 0.1% Triton X100 (Sigma) in PBS-BSA (15 min on ice). 
After a further wash with cold PBS-BSA, the slides were incubated for 1 
hour on ice with 2.5 ug/ml FITC-labeled anti-M13 antibody in PBS-BSA. 
After 2 final washes with cold PBS-BSA, slides were air-dried before 
mounting with EUKITT medium (Kindler, Germany) and examined on a 
Leica scanning confocal microscope. 
Competitive radioligand binding to CCR5 

Assays were carried out essentially as (11). CHO-CCR5 cells 
were seeded into 24 well plates (8 x 10 4 cells/well). After overnight 
incubation, competitive binding was performed on whole cells at 4°C using 
12 pM [ 125 l]MIP-1-a (Amersham) plus variable amounts of unlabelied 
ligand. After incubation, cells were washed, lysed, and the lysaes counted 
using a Beckman Gamma 4000 scintillation counter. Determinations were 
performed in duplicate and IC 5 o values derived from monophasic curves 
(competition binding; one-site) fitted using Prism software (GraphPad). 
Calcium Mobilisation Assay 

Experiments were earned out essentially as described in (27). 
Fluorescence measurements were carried out on cells loaded with Fura-2 
using an LS-50 spectrofluorimeter (Perkin-Elmer, Cetus) maintained at 
37"C. Cytosolic Ca 2+ concentrations were calculated from the Fura-2 
fluorescence according to the formula of Grynkiewicz et al. (28). 
Cell-fusion assay 

CCR5-tropic viral envelope-mediated cell fusion assays were 
carried out as described in reference (29). Experiments were performed in 
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triplicate and dose-inhibition curves were fitted to the data using Prism 
software (GraphPad). 
Viral challenge 

The primary R5 strain HIV-1 BX08 and the laboratory adapted HIV- 
1 BaL were obtained from the supematants of infected PHA-activated PBMC 
harvested at the peak times of Gag p24 production. Activated PBMC (10 5 ) 
in triplicate wells were treated for 30 min at 37°C with medium alone or 
medium containing serial dilutions of chemokines. HIV-1 BX08 (m.o.i. 
2x1 0" 5 ) or HIV-1 Ba L at a m.o.i. of 10" 4 (not shown) was then added. After 
overnight incubation , cells were washed extensively and cultures in medium 
containing appropriate concentrations of chemokines. Quantitative HIV-1 
p24 antigen capture ELISA was performed on the supematants according 
to the manufacturer's instructions (Beckman Coulter, France). Cell viability 
was not affected by the chemokines used in this assay. 
Single-round infectivity assay 

The pNL-Luc-E"R + vector is a derivative of the HIV-1 NU _ 3 provirus 
defective in envelope gene and bearing the luc gene encoding luciferase in 
place of the nef gene (30). The HIV-I^l envelope expression vector is the 
pSV7d plasmid bearing the R5 HIV-1 BaL env gene driven by the SV40 
promoter. Both constructs were kindly provided by T. Dragic and N. Landau 
(ADARC, New York). 10 5 MDM, pretreated with chemokines for 30 min at 
37°C, were incubated overnight with HIV-1 BaL pseudotypes at a 
concentration of 50 ng/ml p24. MDM were then washed extensively and 
medium was replenished but not chemokine-supplemented. After 48 hours, 
cells were washed, and luciferase activity was measured in lysates 
according to the manufacturer's instructions (Promega) using a Berthold 
LB9501 luminometer. All assays were performed in triplicate. 



EXAMPLES 

Example 1: Selection of RANTES variants by biopanning 
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The interaction between chemokines and their cognate receptors 
is influenced by cell type-dependent variations in both the quantity and type 
of cellular components, for example cell surface proteoglycan (31) and 
intracellular proteins involved in receptor endocytosis (32). The inventors 
therefore chose to use two different cellular backgrounds, Human 
Embryonic Kidney (HEK) and Chine Hamster Ovary (CHO), for our 
biopanning strategy. Three independent biopanning experiments were 
carried out. each of which features three rounds of selection (and 
amplification). In two cases, a single cell background was used in each of 
three rounds (HEK-CCR5; CHO-CCR5), while a third strategy involved 
alternating the cell background between rounds (HEK-CCR5 & CHO- 
CCR5). Comparison of the selected sequences enabled us to define a 
consensus sequence, LSP#SSQSSA. 

Table 1 hereunder displays the sequences of clones selected 
using the "biopanning" strategy from the library of phage-displayed 
RANTES mutants. Three independent selections, using the indicated target 
cells, were carried out. Biopanning led to the selection of a consensus 
sequence (bold), which was different from that obtained via concentional 
panning on an anti-RANTES antibody. Key to symbols: * = L, M or V; * = A, 
P orS, no T; # = A, P, SorT. 
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N-terminal sequence 
of selected clones 



Total 



Cell lines used for selection 
HEK-CCR5 CHO-CCR5 HEK-CCR5 

& CHO- 
CCR5 



LSPVSSQSSA (P1) 

FSPLSSQSSA (P2) 

LSPMSSQSPA 

WSPLSSQSPA 

WSPLSSQSSP 

LSPQSSLSSS 

ASSGSSQSTS 

ISAGSSELAA 

RSPMSSQSSP 

YSPSSSLAPA 

MSPLSSQASA 
ASPLSSQSSS 
QSPLSSQAST 
QSPLSSTASS 
LSPLSSQSAA 
GSSSSSQTPA 
YSPLSSQSSP 
FSSVSSQSSS 
Total 



6 
1 
2 



6 
1 



4 


10 




6 


4 


11 


1 


2 




2 




1 




1 




1 




1 




1 




1 




1 




1 




1 




1 


1 


1 


1 


1 


1 


1 


12 


44 



20 12 
LSP*SSQSSA Consensus (biopanning on CCR5* cells) 
RSPPSSR^AS Consensus (panning on 1D2 antibody) 
SPYSSDTTP Wild-type RANTES 
XS#XSSX### RANTES library 

Table 1: Sequences of clones selected form the library of phage-displayed 
RANTES mutants. Three independent selections, using the indicated target 
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cells, were carried out. Cell-based screening led to the definition of a 
consensus sequence (bold), which was different from that obtained via 
conventional panning on an anti-RANTES antibody. .Key to symbols: *=L, 
M or V; *= A, P or S, no T; #= A, P, S or T, X=any amino acid residue. 

Table 2 hereinafter displays the sequences of clones selected by 
binding to CHO-CCR5 cells. Selection was based toward Phage clones 
able to bind cell surface without subsequent internalization. 



N-terminal sequences of selected clones Number of clones 

VSTLSSPAST 1 

ASSFSSRAPP 1 

QSSASSSSSA 1 

QSPGSSWSAA 1 

QSPPSSWSSS 2 

QSPLSSFTSS 1 

LSPVSSQSSA 1 

LSPQSSLSSS 5 

ASPQSSLPAA 4 

QSPQSS0SSA CONSENSUS 1 0= aromatic residue 



LSPQSSLSSX CONSENSUS 2 
XS#XSSX### library* 

Key to symbols: 0=Aromatic residue, #= A, P, S or T. 

At position zero, the residue by which the N-terminus of 
RANTES is extended, either leucine or one of the aromatic residues was 
selected. Of the four possible residues at position two (A, P, S or T), we 
found strong selection for proline, the residue found at this position in the 
wild-type sequence. At position three, the hydrophobic amino acids leucine, 
methionine and valine were strongly favoured, but none of the selected 
clones featured the corresponding wild-type residue, tyrosine. The most 
striking enrichment was seen at position six (aspartate in wild-type 
RANTES), where 40 out of 44 clones encoded glutamine. Finally, for 
positions 7 to 10, where again permutation was restricted to A, P, S or T, 
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we obtained the consensus sequence -SSA- in contrast to the 
corresponding wild-type sequence, TTP. 

In order to ascertain whether the selection of this consensus 
sequence was indeed CCR5-dependent, we performed three subsequent 
experiments. Firstly, we used an anti-RANTES antibody that does not 
interact with the N-terminus of RANTES to screen the library via a 
conventional panning technique. This would be expected to select for 
variants that have advantages of stability and/or high expression, whilst 
conserving the epitope recognized by the antibody. Clones isolated in this 
way yielded a strikingly different consensus sequence from that obtained 
via biopanning, notably with arginine and proline ubiquitous in positions 0 
and 3, respectively (Table 1). Secondly, biopanning was performed on 
untransfected HEK or CHO cells/This approach would be expected to 
favour mutants with enhanced ability to interact with cell surface 
components other than CCR5, and by default, those merely endowed with 
a growth advantage. Here, sequence analysis revealed that the RANTES 
gene had been partially or entirely deleted in the majority of selected phage 
(data not shown). Finally, we were able to show that the biopanning 
procedure is capable of selecting phage displayed RANTES mutants 
capable of inducing CCR5-dependent endocytosis. After incubation at 37°C 
with CHO-CCR5 cells, phage encoding the P 2 mutant (Table 1) are found in 
intracellular locations. This effect is not seen with control phage, or when 
P 2 -phages are incubated with untransfected CHO cells (Figure 3). 

It is noteworthy that the cell background used did indeed appear 
to influence the outcome of biopanning. For example, mutant abundant 
among clones selected on HEK-CCR5 cells, was absent among the panel 
of clones selected on CHO-CCR5. Conversely, mutant P 2 was only present 
among clones selected on CHO-CCR5 cells (Table 1). With this in mind, 
the inventors chose to conduct further investigations using the mutant 
proteins corresponding to both of these clones. 

Example 2: Selected RANTES mutants show enhanced anti-HfV activity 
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The RANTES mutants Pi and P 2 were prepared by total 
chemical synthesis. Firstly, we compared their anti-coreceptor activity with 
that of RANTES in an R5-tropic envelope-mediated cell fusion assay 
(Figure 4A). In this assay, both the mutant proteins had extremely potent 
activities (IC 50 values of 7 nM (95% confidence limits: 3-15) and 0.6 nM 
(0.4-0.9)), which compare favourably with that of AOP-RANTES (IC 50 value 
of 3 nM (2-6)), while RANTES did not achieve 50% inhibition at the 
concentrations used. RANTES, unlike AOP-RANTES, achieved only 
relatively inefficient protection of macrophages from R5-tropic HIV (11). 
With this in mind, we measured the ability of the RANTES mutants to inhibit 
entry into MDM in a single-tropic HIV (11). With this in mind, we measured 
the ability of the RANTES mutants to inhibit entry into MDM in a single- 
round infectivity assay using HIV-1 particles .pseudotyped with the R5 HIV- 
1 BaL envelope. RANTES was again unable to achieve 50% inhibition at the 
concentrations used. Both Pi . and P 2 , in contrast, showed enhanced 
inhibitory potency, especially P 2 , which was active in the low nanomolar 
range and exhibited a greater protective effect than AOP-RANTES (Figure 
4B). Finally, we tested the capacity of the selected mutants to inhibit 
replication of R5-tropic HIV-1 in activated PBMCs. P 2 exhibited potency 
equivalent or superior to that of AOP-RANTES against both the laboratory- 
adapted HlV-1BaL (data not shown) and the primary isolate, BX08 (Figure 
4C). 

Example 3: Mechanism of action 

We sought to investigate the extent to which cell surface 
receptor blockade and receptor sequestration contribute to the enhanced 
antiviral activity of the selected RANTES mutants. Firstly, we compared 
their affinity for CCR5 with that of RANTES, which competes with MIP-1a 
with an IC 50 value of 1.7 nM (95% confidence limits: 0.8-4; see 
supplementary information). The selected mutants had significantly higher 
apparent receptor affinity, with IC 50 values of 0.3 nM (0.2-0.7) and 0.2 nM 
(0.1-0.3) for Pi and P 2 , respectively. Subsequently, we measured the ability 
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of the mutants to induce steady-state downmodulation of CCR5 from the 
surface of CHO-CCR5 cells. Under the experimental conditions used, 
neither RANTES nor Pi were capable of reducing surface receptor levels 
below 80% of control levels. In contrast, P 2 clearly induced dose-dependent 
receptor downmodulation with an efficacy comparable to that of AOP- 
RANTES (Figure 5). Similar results were obtained using HEK-CCR5 cells 
(data not shown). We then chose to investigate the ability of the selected 
RANTES mutants to activate CCR5 using cytosolic calcium flux as a 
measure of G protein activation (Figure 6). P 2 is a more potent agonist than 
RANTES at 100 nM on both HEK-CCR5 and CHO-CCR5 cells. 
Interestingly, the activity of P A appears to be influenced by cellular 
background; it is similar to that of RANTES on HEK-CCR5 cells but 
reproducibly and markedly less than that of. the wild type on CHO-CCR5 
cells. None of the compounds induce calcium flux in untransfected (CCR5-) 
cells (data not shown). 

Finally, the RANTES mutants selected through biopanning on 
CCR5 appear to be endowed not only with an increased affinity for the 
receptor, but also with increased selectivity. Indeed, white wild-type 
RANTES also signals via both CCR1 and CCR3, the mutants P1 and P2 
have negligible signaling activity via these two receptors (Figure 6). It will 
be interesting to discover whether these iigands have lost their signaling 
activity because they no longer bind to CCR1 and CCR3, or whether the 
modifications at their N-termini have produced receptor antagonists. In any 
case, reduced signaling via CCR1 and CCR3 makes these mutants more 
attractive as potential anti-HIV agents, since we find, using the same cells, 
that AOP-RANTES has strong signaling activity via these receptors. 
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